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Abstract 
High temperature thermal storage in randomly packed beds of ceramic particles is proposed as an effective storage solution for 
Solar Gas Turbine (SGT) cycles in the near term. Numerical modelling of these systems allows for optimised thermal storage 
designs, but such models must be validated against experimental data. In this work an experimental test programme was 
conducted to generate high temperature heat transfer data for a packed bed operating over the temperature ranges 350-900 oC and 
600-900 oC. These are representative of two potential SGT cycles. Flue gas from a 45 kW LPG burner was used to heat a packed 
bed of Denstone ceramic pebbles and the testing procedure involved preheating the system to achieve the desired temperature 
ranges. The fluid and solid temperature profiles in the packed bed were measured in the axial and radial dimensions and are 
compared to a numerical model with reasonable agreement. Potential modifications to the test facility are described and future 
testing plans outlined.  
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1. Introduction 
Concentrating Solar Power (CSP) plants, when based on central receiver technology, are able to provide a high 
grade heat source to drive a gas turbine cycle. Gas turbines are suited to CSP applications as they offer good cycle 
efficiencies, require no cooling water and can operate in a hybrid solar-fossil fuel mode. Unlike steam turbines, 
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which rely on economies of scale, commercial gas turbines are also available in microturbine capacity (100 kWe to 
350 kWe), suitable for off-grid power generation and cogeneration plants.  The SOLGATE project [1] demonstrated 
the technical feasibility of SGT cycles by successfully operating a modified 250 kWe helicopter gas turbine off solar 
thermal energy. The SOLUGAS plant in Spain is based on a 4 MWe hybrid solar-fossil fuel gas turbine and is the 
first scale up demonstration of a SGT system. 
One of the core challenges that must be addressed in the design of CSP plants is the variability of solar energy 
supply due to weather conditions and the diurnal cycle of the sun. Hybrid SGT plants can produce dispatchable 
power by operating on backup fossil fuel in periods where insolation is not available, however the solar share is 
significantly reduced. In order to increase the solar share of these plants, whilst maintaining the ability to produce 
dispatchable power, a thermal energy storage system must be developed. A review of storage technologies presented 
by Too et al. [2] indicates that direct thermal storage in solid based media appears to be the most suitable storage 
solution in the near term for SGT systems. This is due to the fact that high temperature fixed bed regenerators have 
been widely used in various industries for waste heat recovery and in regenerative thermal oxidisers. As 
demonstrated by the thermal storage system installed at the Jülich solar power tower [3] these regenerator systems 
can be efficiently adapted to CSP plants. Randomly packed beds of ceramic particles are suited to these regenerative 
heat storage applications due to their large surface area for heat exchange and high rates of heat transfer. 
1.1. Solar gas turbine with direct thermal energy storage 
The present thermal storage concept is based on a pressurised packed bed. The overall SGT cycle, including 
storage is presented in Fig. 1. During periods of excess energy a blower is used to recirculate a portion of the turbine 
mass flow (red arrow) through the receiver and the packed bed. The mass flow through the receiver is then higher 
than that through the turbine, in order to maintain a uniform outlet receiver temperature and to charge the storage. 
When there is a deficit in solar energy supply a fraction of the mass flow is diverted through the packed bed (blue 
arrow). The combustor illustrated in this cycle is connected in series to allow for boosting of the maximum cycle 
temperature to increase efficiency; alternatively a parallel connection is also possible. The receiver inlet temperature 
(T3) depends on the type of gas turbine cycle that is used. For a low pressure ratio Non Recuperated Gas Turbine 
(NRGT) this temperature is approximately 350 oC (assumed pressure ratio of 9 and 80 % isentropic efficiency). For 
a Recuperated Gas Turbine (RGT) cycle the turbine exhaust gasses preheat the compressor outlet to 600 oC. 
 
Fig.1. Schematic of SGT incorporating a packed bed thermal storage system. 
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1.2. Motivation for experimental investigation  
Although sensible heat and latent heat energy storage systems have been extensively studied in the context of 
Rankine cycle CSP plants, there is a limited amount of research regarding thermal storage for Brayton cycle plants. 
A literature review revealed no packed bed heat transfer measurements over the temperature ranges 350-1000 oC 
and 600-1000 oC, which are representative of NRGT and RGT cycles respectively.  In cases where high temperature 
data was available, such as Nsofor [4], the packed bed was charged from an initial ambient temperature and 
discharged by cooling with ambient air. As shown in Fig. 2, suitable ceramic core materials for high temperature 
packed beds exhibit large changes in specific heat capacity below 300 oC. For example Alumina, a commonly used 
sensible heat storage material, will undergo a 43.1 % normalised change in specific heat capacity between 20 oC and 
1000 oC, but for the reduced temperature ranges of interest for NRGT and RGT cycles, the changes drop to 12.1 % 
and 6.4 % respectively. Zanganeh et al. [5] studied the effects of temperature dependent properties on the heat 
transfer within high temperature packed beds and found changes in the solid heat capacity to be the dominant 
mechanism. Therefore it was hypothesized that an experimental dataset that covered the operating temperature 
ranges of SGT cycles would be valuable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.Temperature dependent variations in volumetric heat capacity of ceramic core materials [6]. 
2. Experimental work 
2.1. Apparatus 
A laboratory scale thermal storage facility was developed at the CSIR in Pretoria to study the heat transfer within 
a high temperature packed bed at atmospheric pressure. A diagram of the test facility is presented in Fig. 3 and a 
summary of the packed bed parameters is listed in Table 1. The primary components include a blower, LPG burner 
and test section. The flue gas from the burner is diverted through the packed bed to transfer thermal energy to the 
solid. The cylindrical test section consists of a thin Nimonic wall that is insulated with low density ceramic fibre 
blanket insulation. The thermal capacity of the test section wall is therefore low and does not notably affect the heat 
transfer within the packed bed. This design is preferable to the approach of Nsofor [4], who utilised an alumina 
refractory lining with a high thermal mass. The bed is packed with spheroid shaped ceramic pebbles (Denstone 
2000), which are used in catalyst support applications.   Due to the high temperature of the air that exits the packed 
bed, the blower and flow metering device are placed upstream of the gas burner. Measurement of the LPG bottle 
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weight allows for the LPG mass flow to be determined and the properties of the flue gas to be calculated based on 
the fuel/air ratio.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.Diagram of experimental test facility. 
Table 1.Summary of packed bed test facility parameters. 
Parameter Value 
Bed length  620 mm 
Inside diameter  400 mm 
Insulation thickness 150 mm 
Pebble diameter 
Pebble density 
Pebble specific heat 
Pebble thermal conductivity 
Void fraction 
Mass flux range 
Operating temperature range with gas burner 
Fuel/air ratio of burner 
19 mm 
2200 kg/m3 
Temperature dependent (See Fig. 1) 
1.2 [W/mK] to 1.4 [W/mK] 
0.39 (bulk measured) 
0.15 kg/m2s to 0.29 kg/m2s 
Ambient  to 1000 oC 
0.8 % to 2.2% 
The gas and solid temperatures are measured at 7 axial levels within the packed bed using 18 Type-K 
thermocouples. A diamond tipped bit was used to drill a 5 mm hole into the centre of 10 ceramic pebbles, into which 
a thermocouple was inserted and sealed with a high alumina mortar. In order to minimise the effects of radiation, the 
gas temperature was measured using a thermocouple shielded by a perforated Nimonic tube. The temperature of the 
solid at the wall was measured at 3 of the axial levels to study the radial temperature profiles within the bed.  
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The gas and solid pebble thermocouples at the centre of the bed are shown in Fig. 4a) and the solid pebble at the 
wall is shown in Fig 4b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
Fig. 4. a) Gas and solid temperature measurement at the bed centre; b) Solid temperature measurement at the bed wall. 
2.2. Test procedure 
In order to generate thermal storage data covering the operating temperature ranges of NRGT and RGT cycles the 
high temperature packed bed was preheated to 350 oC and 600 oC respectively. Once the bed reached steady state, 
the inlet fluid temperature was raised to 900oC. Initial tests were conducted at 1000 oC but excessive degradation of 
the combustion chamber lining required the maximum test temperature to be reduced. Upon completion of the 
heating cycle, the cooling of the bed was initiated by reducing the inlet fluid temperature to either 350oC or 600 oC. 
In the present design cooling can only be achieved in co-current cooling mode as the gas burner is required to heat 
the inlet air. After the cooling cycle is complete, the gas burner is shut down and the bed is cooled to ambient. A 
typical inlet fluid temperature profile for a NRGT test is presented in Fig. 5. Currently the mass flow rate through 
the blower is not regulated. Instead the gas burner power is controlled to maintain the desired inlet air temperature. 
The mass flow rate over a typical NRGT test is presented in Fig. 6. The pressure drop through the burner and 
combustion chamber is highest when heating to 900 oC, causing a decrease in the mass flow rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Inlet fluid temperature for NRGT storage experiment (350 oC to 900 oC). 
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Fig. 6. Inlet mass flow rate for NRGT storage experiment (350 oC to 900 oC), excluding gas flow. 
3. Experimental results  
3.1. Observations  
The experimental testing showed that the packed bed could be successfully preheated to 350 oC and 600 oC to 
generate heat transfer data over the temperature ranges of NRGT and RGT cycles. However, the axial and radial 
temperature gradients that develop in the bed during preheating must be taken into account in the initial conditions, 
when modelling subsequent heating to 900 oC. For the 350 oC preheating cycle the steady state temperature of the 
three solid pebbles located at the bed wall ranged between 336 oC and 337 oC, while the solid temperature at the 
base centre reached 343 oC. For the 600 oC preheating cycle the steady state temperature of the solid pebbles at the 
wall was between 581 oC and 584oC, while the base of the test section reached a maximum of 582 oC. 
Measurements of the outer insulation temperature were conducted when the packed bed was fully heated to 
900 oC. These indicate that the level of insulation around the side walls is sufficient, as a maximum surface 
temperature of 108 oC was measured. At 900 oC the radial heat losses at steady state resulted in solid temperatures at 
the wall ranging between 858 oC and 870 oC. The base heat losses were much higher during these tests and the base 
only reached temperatures between 847 oC and 867 oC. Therefore further insulation at the base of the test facility is 
required. However, a temperature of 891 oC was measured at a height of 110 mm above the base. The axial heat loss 
at the exit does not seem to affect a large distance upstream of the packed bed when there is convective flow. 
3.2. Numerical model description 
The experimental results from the packed bed test facility are compared to numerical predictions from the model 
presented by Klein et al. [7]. This two dimensional model is based on the continuous solid phase assumption and 
accounts for all high temperature radiation effects. According to Meier et al. [8], packed beds with a bed to pebble 
diameter ratio of less than 40, are subject to wall channelling effects whereby the velocity in the near wall region is 
higher than in the bed centre. The bed to pebble diameter ratio of the current experiment is 21 and therefore wall 
channelling is included in the numerical model, via Brinkman [9] momentum equation. The governing equations for 
the fluid and solid phases are solved using the numerical technique of orthogonal collocation on finite elements 
based on cubic Hermite splines. The fluid specific enthalpy and solid specific internal energy are converted to 
temperatures using the techniques detailed by Rohsenow et al. [10]. The measured inlet temperature profile and 
mass flow rate from each experiment are applied to the numerical model to allow comparison of the temperature 
profiles. 
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3.3. Axial temperature profiles  
Full heating and cooling tests were completed for both the NRGT and RGT cycle temperature ranges. The 
experimental data for the solid centreline temperatures is presented in Figs. 7-9. A comparison of the measured and 
predicted data indicates that there is good agreement between the modelling and experiments. In general the shape 
and position of the thermocline is captured well by the model across the different temperature ranges. A failure of 
the blower during the heating test from 600-900 oC resulted in a reduction in the amount of available data for 
Fig. 8a). The average mass flow rates, including the gas flow, are listed in Table 2. 
 
 
 
a) b) 
Fig. 7. Centreline solid temperature; a) Heating 25-350 oC; b) Heating 25-600 oC. 
 
 
 
 
 
                                                         a)                                                                                                                         b) 
Fig. 8. Centreline solid temperature; a) Heating 350-900 oC; b) Cooling 900-600 oC. 
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                                                   a)                                                                                                                         b) 
Fig. 9. Centreline solid temperature; a) Heating 600-900 oC; b) Heating 600-900 oC . 
 
The initial rate of heating/cooling in each experiment is underestimated by the model. This is potentially 
explained by the inlet design of the packed bed.  The sudden expansion from the combustion chamber pipe (76 mm 
diameter) to the 400 mm pipe creates a jet effect onto the unpacked region above the packed bed. This non-uniform 
flow should dissipate over the initial layers of pebbles, but it could influence the initial temperature measurements at 
the top of the bed. An analysis of numerical and experimental data also reveals that the speed of the thermocline in 
the experiments is slightly higher than predicted. This is presumed to be caused by a small amount of mass flow 
leakage from the test section. Currently the flow measurements are taken upstream of the packed bed, thus any loss 
in flow is not be captured by the modelling. Deviations in the wall channelling profile and the solid heat capacity 
would also affect the predicted velocity of the thermocline.  
Table 2. Average flow details of experiments. 
Test Average Mass Flow   Fuel/Air Ratio Figure Ref. 
Heating (25 to 350) oC 97.5 kg/hr 0.8 % 7(a) 
Heating (25 to 600) oC 107.0 kg/hr 1.4 % 7(b) 
Heating (350 to 900) oC 83.9 kg/hr 2.2 % 8(a) 
Cooling (900 to 350) oC  
Heating (600 to 900) oC  
Cooling (900 to 600) oC  
90.8 kg/hr 
101.8 kg/hr 
126.6 kg/hr 
0.8 % 
2.2 % 
1.4 % 
8(b) 
9(a) 
9(b) 
 
3.4. Radial temperature profiles  
The solid temperature at the packed bed wall was measured on three axial levels to analyse the radial 
temperature profiles in the bed. The results for two of the tests are presented in Fig. 10. The legend entries indicate 
the (axial, radial) position of the measurements in meters. The heating of the packed bed from ambient to 600 oC, 
shown in Fig. 10a), was included in this work as the initial conditions in the bed were uniform. During heating, the 
measurements show that the temperature of the solid at the wall rises faster than in the centre of the bed. This is due 
to the wall channelling effect, as the velocity in the near wall region is higher than in the core of the bed. As the 
temperature increases the heat losses to the wall via convection and radiation also increase. Therefore there is a shift 
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in the temperature profiles to one of heat loss, whereby the solid at the wall is cooler than in the centre of the bed. 
During cooling of the packed bed, wall channelling and heat losses both preferentially cool the solid at the wall, 
causing a larger deviation between the centreline and wall temperature measurements. This is shown in Fig. 10b). 
The radial temperature gradients during heating and cooling are predicted by the two dimensional model with 
encouraging accuracy. This shows that the approach to modelling the wall channelling and wall boundary conditions 
is valid. 
 
 
 
 
                                                   a)                                                                                                                         b) 
Fig. 10.  Radial solid temperature profiles; a) Heating 25-600 oC; b) Cooling 900-350 oC . 
 
4. Test facility modifications and future work 
Improvements in the base insulation will be made to reduce heat losses during testing. The source of any leaks in 
the test facility at high temperature will also be investigated. This is most likely cause by leakage between gaskets or 
incorrect sealing of the thermocouple ports. Further high temperature thermal storage experiments will be conducted 
using the test facility described in this paper. It is scheduled that different ceramic materials will be tested, including 
composite ceramic/salt pebbles. The validated numerical model will be further used to conducted parametric 
optimisations and design calculations. Different core geometries, including monolith shapes will also be investigated 
to determine the optimal storage design for a SGT cycle. In the current series of experiments, attempts have not yet 
been made to eliminate the wall channelling effect, which the modelling suggests can reduce the flow through the 
core region of the bed by between 7 % to 9 %. In future testing the void fraction at the bed wall could be reduced by 
using a flexible liner as suggested by Nsofor [4]. 
5. Conclusions 
A test facility was developed at the CSIR to study the heat transfer in a high temperature packed bed over the 
operating temperature ranges of NRGT and RGT cycles. An experimental test programme was successfully 
conducted using this facility to generate heat transfer data. Axial and radial temperature profiles were recorded for 
the fluid and solid phases in the packed bed. These were compared to numerical predictions, which yielded 
encouraging results. The test data generated from this test facility could be used by researchers wishing to validate 
their numerical models. Areas that need to be addressed in the experiment include the possibility of a small amount 
of gas leakage at high temperature as well as heat losses through the base of the test rig. The wall channelling in the 
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current packed bed is not negligible but is accounted for in the modelling. The validated numerical model of the 
storage system can be further utilised with confidence for parametric optimisation and design simulations. 
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